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Mid to high latitude forest ecosystems have undergone several major compositional changes during the
Holocene. The temporal and spatial patterns of these vegetation changes hold potential information to
their causes and triggers. Here we test the hypothesis that the timing of vegetation change was
synchronous on a sub-continental scale, which implies a common trigger or a step-like change in climate
parameters. Pollen diagrams from selected European regions were statistically divided into assemblage
zones and the temporal pattern of the zone boundaries analysed. The results show that the temporal
pattern of vegetation change was signiﬁcantly different from random. Times of change cluster around
8.2, 4.8, 3.7, and 1.2 ka, while times of higher than average stability were found around 2.1 and 5.1 ka.
Compositional changes linked to the expansion of Corylus avellana and Alnus glutinosa centre around 10.6
and 9.5 ka, respectively. A climatic trigger initiating these changes may have occurred 0.5 to 1 ka earlier,
respectively. The synchronous expansion of C. avellana and A. glutinosa exemplify that dispersal is not
necessarily followed by population expansion. The partly synchronous, partly random expansion of
A. glutinosa in adjacent European regions exempliﬁes that sudden synchronous population expansions
are not species speciﬁc traits but vary regionally.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
Pollen diagrams testify to the changes in vegetation composition
over long periods and can give insights to past vegetation
dynamics. However, they depict the result of a process, but little
information of its cause. It is therefore not surprising that palae-
oecologists have been arguing about the reasons for vegetationx: þ49 551 39 8449.
ttingen.de (T. Giesecke).
All rights reserved.change since the development of the subject. The comparison of
pollen diagrams in space and through time offers some insights,
and thus Rudolph (1930) suggested that the general succession of
major forest elements in central Europe occurred synchronously.
His summary of possible causes for Holocene changes in forest
composition has changed little over the last 80 years and can be
summarized as follows: I) an autogenous succession, controlled by
competition and interactionwith soil development; II) the distance
to suitable Glacial maximum refugia with the delayed spread out of
these areas; and III) climate change, which would determine the
expansion of different species at different times. By rejecting the
T. Giesecke et al. / Quaternary Science Reviews 30 (2011) 2805e28142806ﬁrst two, Rudolph (1930) favoured the climate hypothesis. He
assumed that all major forest species would have spread from their
Glacial refugia during the Late Glacial and early Holocene before the
time of the Corylus expansion (approximately 10.6 ka).With respect
to Picea, Fagus and Carpinus similar ideas were already put forward
by von Post (1924), who like Rudolph (1930) interpreted the
expansion of different species as the result of a change in climate.
Several other pioneers in the subject of vegetation history followed
these ideas. For example Godwin (1975) argued that species may be
present at abundances too low to be detected by pollen analysis,
but may expand once the climate would become suitable. In
contrast, Rudolph’s pupil Firbas (1949) stressed that seed dispersal
and distance to Glacial maximum plant refugia can explain the
general pattern in Holocene vegetation development. At the same
time Firbas (1949) also acknowledged the importance of climate
and hence followed Rudolph’s notion that the general succession is
broadly synchronous, and provided an even more detailed scheme
of it, which he advocated could be used for dating. In North America
Davis (1976) showed how species spread during the Holocene and
substantiated the hypothesis that life cycle, dispersal biology and
distance to full Glacial refugia could explain the observed vegeta-
tion history. Prentice et al. (1991) condensed the three hypotheses
into two, the disequilibrium and the dynamic equilibrium
hypothesis with respect to climate as a variable factor, and showed
that spatial patterns interpreted as range expansion of species
limited by dispersal, could also be explained by directional changes
in climate. Principally all climate reconstructions from pollen
diagrams are based on the validity of the climate equilibrium
hypothesis (Prentice et al., 1991). However, from the early simpli-
ﬁcation of climatic periods that are characterised by distinct
climates with shifts in between them, like the BlytteSernander
climate classiﬁcation, these modern numerical reconstructions
portray a general scenario of gradually changing climate
parameters.
Forests are rather stable systems, as trees are generally long
lived, producing abundant seeds so that a gap in the canopy is
immediately ﬁlled with a descendant of one of the surrounding
individuals making it difﬁcult for newcomers to establish. This
inertia is broken in major disturbance events like extensive ﬁres,
which facilitate vegetation change (Green, 1982, 2006). Bradshaw
and Hannon (1992) used this concept of disturbance to interpret
a shift in vegetation composition from one stable state to another.
Tinner and Lotter (2001, 2006) showed that the climate excursion
around 8.2 ka could have acted just like a major disturbance event.
By stressing the established tree populations during the climate
reversal the inertia of the resident population is lowered allowing
new arrivals to get established. Tinner and Lotter (2006) also
mentioned that the climate excursion might have marked a shift in
the moisture regime in the region and thus led to a persistent shift
in vegetation composition.
Many spatio-temporal patterns in pollen data-sets are often
gradual in space and time and may be explained by the invasion of
a species, a gradual change in climate or slowly increasing human
activity. These patterns can be easily distinguished from synchro-
nous changes in vegetation composition between distant sites.
Such shifts can involve different species in different regions or
constitute parallel developments in the abundance of the same
species over vast areas. Synchronous vegetation change docu-
mented inmany pollen diagrams from a large regionmay be caused
by step-like changes in climate parameters or short climate
excursions like the 8.2 ka event that would trigger synchronous
shifts in vegetation composition. Through land-use change, human
activity could also have brought about synchronous or asynchro-
nous changes in vegetation composition, depending on how
quickly a new technology or idea spread.The aim of this paper is to test whether synchronicity in Holo-
cene vegetation change was signiﬁcant for European forest devel-
opment, and thus evaluate the importance of abrupt climate
change for forest ecosystems during the Holocene.2. Methods
2.1. Data compilation
We selected pollen analytical results from 59 sites throughout
Europe (Fig.1) in twoways: Data-sets that are continuous over 9000
years or more with at least six radiocarbon dates or varve chro-
nology were extracted from the European Pollen Database (EPD). In
parallel, palynologists were approached directly and invited to
contribute their data to this study. In the latter case restrictions on
the number of radiocarbon dates per sequence were relaxed if the
available dates and sedimentation history indicated a near linear
ageedepth relationship. In some occasions the authors provided an
ageedepth model based on calibrated radiocarbon dates or varve
chronology, and this information was used in the analysis. In most
cases a new ageedepth model was constructed through calibrating
the original radiocarbon dates using Bcal or Calib with the IntCal04
(Reimer et al., 2004) curve. Depths to age relationships were con-
structed using the mode or weighted average of the probability
distribution for the calibrated age. Agemodels chosen depended on
the amount of available radiocarbon dates and the complexity of the
sedimentation history and range from linear interpolations and
linear regression models to polynomials and smoothing splines as
well as combinations of models for different sections of the
sequence. Ageedepth models were ﬁtted using psimpoll (Bennett,
2007) and MatLab. Pollen percentages were calculated from the
count data and based on the sum of all terrestrial pollen and spores
excluding Sphagnum spores. In a few cases the authors provided
pollen percentage data based on the above sum.2.2. Zonation and analysis
The zonation of stratigraphical data can be carried out in an
agglomerative way e.g. using constrained cluster analysis (CONISS;
Grimm, 1987) or divisively by splitting the sequence into smaller
and smaller sections using binary or optimal techniques (Gordon
and Birks, 1972). Binary splitting ﬁrst ﬁnds the point where a divi-
sion reduces the overall variance most and then looks for further
splits within the new sections. Optimal splitting always considers
the full sequence at once irrespectively how many divisions are
carried out. Bennett (1996) showed that the broken-stick model
(MacArthur, 1957) can be used to determine the number of zones
that are statistically signiﬁcant. Themodel is conceptually similar to
the binary splitting approach, and is also applicable to optimal
splitting and CONISS (Bennett, 1996). Gordon and Birks (1972)
argued that divisive techniques may be better suited to detect
gradual but stratigraphically consistent changes and the analysis
presented here was therefore restricted to the two divisive tech-
niques binary and optimal splitting. The splitting techniques
require a measure of variance that is additive, however the choice
inﬂuences the result of the analysis. Here we used both the infor-
mation content criterion and the sum of squared deviations
(Gordon and Birks, 1972). Combining the two splitting techniques
with the twomeasures of variance we carried out the resulting four
combinations on all square root transformed data-sets including all
terrestrial taxa that exceeded one percent in any one sample. The
number of signiﬁcant zones was evaluated using the broken-stick
model and the ages for the signiﬁcant splits were collated. This
analysis was carried out using psimpoll (Bennett, 2007).
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Fig. 1. Map indicating the location of 59 pollen diagrams used in the analysis. Numbers are linked to sites and references in the online Appendix.
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large uncertainties of two main sources. They carry all the uncer-
tainty of the age model. In addition they represent the age of the
midpoint between two samples, while there is no way of knowing
when this change actually occurred, and thus this uncertainty
increases with decreasing sample resolution. To take these uncer-
tainties into account the results were handled in twoways: the ages
were collected into bins of 200 years width and the frequency of
these bins was further analysed. Secondly, the ages were uniformly
treated as the mean of a Gaussian distribution with a variance of
100 years. The probabilities of all events were added, combining the
results from the four analyses. The timing of splits were considered
for the time up until 13 ka, as few data-sets reached far into the Late
Glacial and their age control was seldom well constrained. Single,
dominant changes like the shift from the Late Glacial to the Holo-
cene can affect the overall variance of a data-set and thus inﬂuence
this analysis. Therefore, all pollen data was subsequently restricted
to 11 ka and 9 ka and the splitting techniques were run on these
restricted data. The resulting frequencies and probabilities were
adjusted by the number of available sequences by division of the
available by the maximum number of sequences. The chance that
a large number of randomly occurring events would fall into one of
the 65 bins can be described by the Poisson distribution. Using a Chi
square test this theoretical distribution was compared to the
distribution of frequencies in the individual data-sets. This test
evaluates the likelihood that for example two bins were selected
more than 10 times, which would be unlikely in a random process,
while the 10 times selection of only one bin may occur by chance. A
rigorous statistical test of signiﬁcance for the selection of individual
bins is not straightforward, as the 59 diagrams span different timeintervals and were divided into different numbers of zones, with
a low probability of two zones from the same diagram falling into
the same bin.
3. Results
The highest frequency of pollen zone boundaries is seen in the
early Holocene before 9 ka, regardless of the splitting technique and
the variance measure. Using the sum of squares variance criterion,
32% and 28% of all available pollen data-sets show a boundary
between 11.4 and 11.6 ka, corresponding to the beginning of the
Holocene. Splitting procedures using the information content
criterion selected zone boundaries coinciding with the onset of the
Holocene less frequently. They found splits around 10.7 ka and this
bin was selected by the binary splitting procedure in 25% of avail-
able data-sets (Fig. 2). However, including all splits the corre-
sponding peak in accumulated probabilities shifted towards
a younger age of 10.55 ka (Fig. 3). A distinct peak at 9.54 ka in the
accumulated probabilities (Fig. 3) is clearly visible in the histograms
for binary splitting with information content and optimal splitting
with sum of squares (Fig. 2). A broad peak in the accumulated
probabilities (Fig. 3) centres at 8.28 ka, though the histograms
indicate that the frequency of splits with this approximate age
varies between techniques. Also all other peaks younger than 8 ka
rarely show parallels between the four histograms. The comparison
with the accumulated probabilities of the restricted data-sets
(Fig. 4) shows that most of these peaks remain ﬁxed even when
the overall variance of the data-set was reduced. Only one broad
new peak emerged in the 9 ka restricted data-set spanning
7.2e7.5 ka, while the peak at 6 ka became more important (Fig. 4).
Fig. 2. Frequency of the timing in pollen zone boundaries collected into 200-year wide bins (light shaded); (dark shaded) show the relative frequency adjusted by the number of
available pollen diagrams for each period.
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bin were expressed as frequency distributions and compared to
Poisson distributions, which describe random encounters for the
same number of observations as splits were found. The difference
between the two distributions was evaluated by a Chi square test
(Table 1). The observed distributions are often characterised by low
and high frequency bins that occur more often than at random. The
high frequency for some bins would be expected for cases where an
underlying cause like the onset of the Holocene controlled a vegeta-
tion shift in many pollen diagrams. The case that average frequency
bins occur more often in the observations compared to a randomFig. 3. Accumulated probability for the time of pollen zone boundaries, combining all
results from the different techniques and variance measures. The solid line shows the
original data; the dashed line is adjusted with respect to the number of pollen
diagrams available; the grey line marks the proportion of diagrams covering a given
point in time.process, may be caused by the fact that pollen diagrams tend to have
zone boundaries more or less evenly spread over the Holocene after
9 ka. However, cases with more than expected low frequency bins
indicate that vegetation composition remained stable over particular
periods. The different measures of variance show a larger inﬂuence
on the absolute number of zones compared to the different splitting
techniques. The original 59 pollen data-sets yielded a total of 225 and
228 splitswhen information contentwasused and 260 and264 splits
with sums of squares. The resulting average of ﬁve signiﬁcant zones
per data-set varies between three and ten zones (Appendix).
Approximately one in three pollen diagrams depicts clear
changes at the Younger Dryas/Holocene transition that was picked
up by the zonation techniques. It is interesting to see that this peak in
coinciding zone boundaries is well deﬁned in time and not spread0 2000 4000 6000 8000 10000 12000
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Fig. 4. Accumulated probability for the time of pollen zone boundaries as in Fig. 3.
(solid line) compared to the results of the restriction to the last 11 ka (short dashes)
and to the last 9 ka (long dashes). The age of the peaks is given in thousands of years.
Table 1
Results of the Chi square test for the randomness of the frequency distribution for
zone boundaries falling into a 200-year bin and the critical value for 95%. Test results
exceeding the critical value are marked with an asterisk. The variance measures
were abbreviated: sum of squares¼ s.q., information content¼ info.; adjusted refers
to the frequency distribution adjusted by the availability of sites; restricted refers to
the analysis of pollen data-sets restricted to the last 11 ka and 9 ka.
Splitting technique Unrestricted 11 ka
restricted
9 ka restricted
Chi Critical
value
Chi Critical
value
Chi Critical
value
Binary s.q. 5.0 15.5 14.2 16.9 6.5 15.5
Binary s.q. adjusted 5392.0* 28.9 34.3* 22.4 7.1 16.9
Binary info. 22.2* 16.9 10.9 14.1 26.1* 15.5
Binary info. adjusted 525.1* 23.7 11.0 16.9 24.3* 14.1
Optimal s.q. 20.8* 18.3 20.8* 19.7 25.8* 18.3
Optimal s.q. adjusted 437.0* 26.3 37.4* 21.0 26.2* 19.7
Optimal info. 3.4 12.6 4.3 14.1 9.6 14.1
Optimal info. adjusted 20.6 21.0 2.9 18.3 10.5 15.5
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the varying dating control. This sets a benchmark for the evaluation
of coinciding younger zone boundaries. Alsoworth noting is that this
zone boundary was never the ﬁrst split, indicating that this
compositional change is statistically not the most important. On
both sides of the Younger Dryas/Holocene boundary pollen spectra
are often dominated by pine and birch pollen and this important
climate change is therefore often not picked up by the statistical
splitting of pollen diagrams from different European regions.3.1. Synchronous changes involving different species
Pollen zone boundaries falling into the bin around 8.3 ka and
3.7 kawere frequently selected (9 and 11 times, respectively) by the
optimal splitting technique using the sum of squaremeasure.When
shifting the bins slightly eight diagrams show splits between 8.1 ka
and 8.3 ka and another eight between 8.3 ka and 8.5 ka. Of the ﬁrst
eight diagrams four come from the British Isles while three of the
splits around 8.4 ka are from Germany and two from northern
Finland. The diagrams from Scotland and northern Finland show
a rise of Pinus at this time, although that started somewhat earlier.
We observed shifts of various pollen curves in several diagrams, but
the onset of the continuous curve of a taxon (e.g. Tilia at Hockham
Mere) was rare to coincide with zone boundaries around this time.
Frequently diagrams show pronounced, short declines in some
pollen curves (especially Corylus) dating to 8.2 ka as described by
Tinner and Lotter (2001), but in many diagrams the curves quickly
return to pervious values and in these cases no pollen zone
boundary was set.
Zone boundaries around 3.7 ka characterise a decline in Betula
and Alnus in northern Norway, a decline in Pinus in northern
Finland and declining Corylus curves with rising Carpinus and/or
Fagus curves in Poland and Germany. While the peak around 8.3 ka
is smeared over a wider time interval the peak at 3.7 is narrow and
indicated mainly by the optimal splitting technique using the sum
of square measure. In a back of the envelope calculation the chance
of hitting a predeﬁned 200-year wide bin between 0 and 10 ka may
be compared to rolling the dice 200 times (number of splits for
optimal splitting with sum of squares in this interval) yielding
a probability of hitting it 9 or more times of 2%. This probability is
a conservative estimate as diagrams with two zone boundaries per
200-year period are rare. Thus, while there are no parallel changes
in vegetation composition around 8.3 and 3.7 ka, it is unlikely that
the frequent occurrence of these particular zone boundaries was
brought about solely by chance.3.2. Parallel patterns in pollen diagrams
The individual pollendiagramswere scanned to explorewhich of
the peaks in the timing of zone boundariesmarks a similar change in
vegetation composition across sites. The rise of the pollen curves of
Corylus (Fig. 5) and Alnus (Fig. 6) could be associated to the peaks of
10.55 ka and 9.54 ka in the accumulated probability plot (Fig. 3). The
parallel rise in the Corylus curvewas found inmany pollen diagrams
especially from Western Europe. Noteworthy is the diagram from
DallicanWater on Shetland (Bennett et al., 1992), where the Corylus
curve runs parallel with several diagrams from continental Europe,
even though the nearest point of the island is more than 150 km
away from the Scottishmainland. The dynamics of the rising Corylus
curve as well as the timing of its rise varied between sites and the
latter may have been affected by the dating control. At some sites,
however, the different timing for the rise of the Corylus curve could
not be explained by uncertainties in the dating control. For example
at Svarcenberk in the Czech Republic (Pokorný, 2002) the rise of the
Corylus curve coincides approximately with the beginning of the
Holocene. On the other hand, at sites in the mountains of Romania
and Bulgaria the rise of Corylus displayed an altogether different
pattern compared to North-West Europe (Fig. 5). Here the curves
start at the same time as in diagrams towards the north-west, but
the major rise and culmination date to younger ages. For all sites
used in this study it can be assumed that the bulk of Corylus pollen
originated from Corylus avellana. Corylus colurna occurs in Bulgaria
as a rare species at elevations below 1200 m and may have
contributed small and hence insigniﬁcant amounts of pollen to the
twoBulgarian sites, so that also here the pollen typewas interpreted
to represent mainly C. avellana (Tonkov et al., 2002).
The fast rise of the Alnus curve at 9.5 ka is synchronous in pollen
diagrams around the Baltic Sea, while diagrams to the west and
south are characterised by Alnus pollen curves that increase at
different times and with varying slopes. Interesting to note is the
rapid rise in the diagram from Lago Piccolo di Avigliana (Finsinger
and Tinner, 2006) that almost coincides in time with that in the
north-eastern diagrams, while the site is situated at the south-
eastern limit of the Alps. Also the Alnus curve from Meerfelder
Maar (Kubitz, 2000) rises quickly, but only at 6 ka with the decline
of Ulmus. In contrast many other diagrams show a gradual increase.
4. Discussion
4.1. Synchronous changes
A large number of Holocene climate shifts or short-lived excur-
sions are reported in the literature so that it seems almost possible to
ﬁnd one within the uncertainty of any standard radiocarbon date.
However, tree-ring series can convincingly show that the Holocene
had periods during which trees in speciﬁc habitats were stressed
and others where growth was complacent (Leuschner et al., 2002).
There are several external forcing mechanisms that work with
different frequencies as well as resonating atmosphereeocean
interactions, which in concert caused climate to constantly change
(Wanner et al., 2008). Trees are long lived, produce abundant seeds
and some are able to reproduce vegetative (e.g. Tilia). Therefore
a high amplitude or long-lasting shift in climate parameters would
be necessary to change the species composition of such a system.On
the otherhand, the effect of a small climatic excursion, like a number
of dry years, could be ampliﬁed through the outbreak of a pathogen.
Thus the peaks in the combined probability plot (Fig. 3) may hold
some information on periods of change. In this respect the two
troughs around 2.1 ka and 5.1 ka represent times that were consis-
tently avoided by the placement of zone boundaries, indicating
periods of vegetation stability.
Fig. 5. Visual comparison of the Corylus pollen curve from selected pollen diagrams throughout Europe illustrating examples with broadly similar trends (1e13) and two examples
with a later culmination of the curve (A, B).
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the Holocene (Alley and Ágústsdóttir, 2005; Seppä et al., 2007) and
the various aspects of this shift may have spread over a period of up
to 600 years (Rohling and Palike, 2005). The two optimal splitting
techniques frequently selected zone boundaries near this time.
Interestingly, the most frequent results using the information
content (12 diagrams) fall into the interval 7.8e8.2 ka, while the
sum of squares measure yields the highest frequency (14 diagrams)
between 8.2 and 8.5 ka and there is no overlap between diagrams
that were selected by either of the two measures within the
combined interval. This could be caused by an initial shift in climate
pattern that started 8.6 ka (Rohling and Palike, 2005) and was
closely followed by the vegetation dynamics at some sites and
individual species, seen in the pollen zone boundaries until 8.2 ka.
Subsequently, the event also acted as a climatic disturbance
reducing the inertia of established populations and thus allowing
smaller but frequent shifts in the abundance of several species,
highlighted by zone boundaries indicated by the optimal splitting
with information content after 8.2 ka.
Interesting is the fact that the decline of Ulmus, which is broadly
synchronous in many pollen diagrams (Parker et al., 2002) did not
give rise to a stronger peak in zone boundaries. This may be due to
the relatively small abundance shift in many diagrams, eastern and
northern sites, but also bepartiallyaneffect of the selectionof pollen
diagrams used. Also themuchwritten about wet shift around 2.8 ka
(van Geel et al., 1998) was not directly captured by the zonation
techniques, but may be linked to a small peak at 2.7 ka (Fig. 4). In
turn, the peak at 3.74 ka is well pronounced and based especially onthe results from the optimal splitting technique using the sum of
squares measure. Based on this technique a zone boundary was
placed between 3.6 ka and 3.8 ka in 11 out of 58 pollen diagrams,
which is unlikely to have occurred by chance. This age coincides
with one of the cold humid phases (CH-7) identiﬁed by Haas et al.
(1998), which Tinner and Lotter (2006) argue to have triggered
vegetation shifts like the 8.2 ka event. It also represents a time of
a shift to a cooler late Holocene climatewith an increased growth of
Alpine glaciers especially after 3.3 ka and an advance of some
smaller glaciers around 3.8 ka (Ivy-Ochs et al., 2009). Summer
cooling around this time was also reconstructed from chironomid
analysis (Heiri et al., 2003) and vegetation models based on this
temperature reconstruction simulate the largest drop inAlpine tree-
lines since 8.2 ka (Heiri et al., 2006). Pollen diagrams from the
central European lowlands showadecline inC. avellanawith a rise in
Fagus sylvatica or Carpinus betulus for this time, which is the reason
for the placement of the boundary in the sites from this region. This
broadly parallel shift in vegetation composition was examined by
Ralska-Jasiewiczowa et al. (2003), who point to human activity as
themost important factor, driving the change. The authors also give
minor importance to a shift to cooler and more humid climate. The
three Norwegian diagrams and the north Finnish diagram that also
have a zone boundary in this timewindowshowa reduction in trees
and an increase in fern spores, sedge or grass pollenwhichwould be
consistent with a general cooling. For the Scandinavian sites, the
underlying changes in vegetation composition could have come
about rapidly and possibly synchronous to a change in climate,
while the expansion of F. sylvatica or C. betulus started often from
Fig. 6. Visual comparison of the Alnus pollen curve from selected eight pollen diagrams around the Baltic Sea (1e8) with selected diagrams from central and western Europe (AeF).
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have to be anticipated here. However, this delay may not be as long
as during the early Holocene when populations started to develop
from single individuals. During the late Holocene pollen of
F. sylvatica and C. betulus are frequently found several hundred or
thousand years before the curves rise distinctly and here the change
in the slope of population increase should be the time to investigate
when looking for causes of this expansion (Giesecke et al., 2007).
The here reviewed data are inconclusivewith respect to the cause of
the change, but the coincidence of zone boundaries at this time is
intriguing and should stimulate further ideas and studies.
4.2. Parallel changes
The most widespread parallel shift in Holocene vegetation
composition was the expansion of C. avellana populations, which
occurred broadly synchronous at far apart sites regardless of their
distance to possible LGM refugia, ice cover during the glacial or
separation by water (Fig. 5; Tallantire, 2002; Finsinger et al., 2006).
The trigger for the expansion of the populationsmust have operated
on a large scale and is thus likely to have been climatic. A short-term
ﬂuctuation in climate inﬂuencing the competitive balance is not
a possible mechanism. At the northern sites populations of the light
demanding C. avellana expanded in an open forest dominated by
Pinus sylvestris andBetula species (Firbas,1949; Tallantire, 2002) and
thus interspecies competition was probably of little importance.
Therefore, a continued shift in climate parameters or patterns may
have been the trigger for the synchronous expansion of C. avellana at
far apart sites inwestern Europe. In his review of the hypothesis forthe rapid early Holocene spread of C. avellana Huntley (1993)
concluded that the unique combinations of climate parameters
favoured the rapid expansion. However, he did not address the
synchronous population increase at far apart sites and pointed to
plateaux in the radiocarbon timescale that in his view lead to the
impression of spuriously rapid migration rates. Unlike Huntley
(1993), Tallantire (2002) came to the conclusion that C. avellana
must have been widespread in Europe before the rise of the pollen
curve, but he argued that the populations were already large and
their ﬂowering suppressed under early Holocene climate. Although,
C. avellana has been reported to reproduce by layering in marginal
situations (Persson et al., 2004) propagation through seed is
necessary for populations to expand and the pollen produced in the
process should be visible in sediments from that time. However, the
spread of this large pollen producer is not apparent palynologically
and thus most likely occurred at low population density, possibly
including frequent long distance dispersal (Giesecke, 2005c).
Assuming that the rapid increase in pollen curves represents the
increase of populations (Bennett, 1983, 1988) these populations
must have started their growth before it is visible in the pollen
diagrams (Bennett, 1988). Based on pollen accumulation rate esti-
mates from Hockham Mere, Bennett (1983) estimated a doubling
time for C. avellana populations between 32 and 53 years. Extrap-
olating the exponential population increase at HockhamMere back
in time would yield a supposed initial growth of the ﬁrst scattered
individuals to have started at about 11.2 ka, while the data from
MeerfelderMaar point to a somewhat earlier initiation of growth. In
time this corresponds to the end of the Preboreal oscillation at
11.25 ka and a proposed shift tomore humid andwarmer conditions
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triggered the expansion of C. avellana over a wide area. Considering
the uncertainties of dating and early growth rates, it may not be
necessary to invoke a climatic shift at the end of the Preboreal
oscillation, but it could also be argued that the onset of theHolocene
itself set the start for the expansion of C. avellana populations
throughout north-western Europe.
The timing of the rise in Alnus at sites around the Baltic Sea
appears more conﬁned compared to the C. avellana rise, but was
spatially more restricted (Fig. 6). Although this expansion of Alnus
can be ascribed mainly to Alnus glutinosa, Alnus incana probably
played a part in this population expansion, at least at some sites
(Giesecke, 2005a). In this respect it is interesting that the synchro-
nous population expansion occurred largely in the area where both
species are present today and hybridisation between the two
species could have inﬂuenced the pattern. For example the hybrid
A. incana  glutinosa grows faster than A. glutinosa (Mejnartowicz,
1999) and the different preference of A. incana for climate and
soils could have assisted in the spread of A. glutinosa. While this
gives room for speculation it does not explain the synchronous
expansion as such. Moreover, the regional synchronicity of the
species expansion in one region is contrasted by the clear individual
and site-speciﬁc development in the west, which has been shown
for the British Isles (Bennett and Birks, 1990). As in the case of
C. avellana, if climate was a trigger for this expansion, then this
change must have preceded the rapid rise in the curve by a few
hundred years. The central Swedish sites Holtjärnen and Abbort-
järnen (Giesecke, 2005a,b) show doubling times for pollen accu-
mulation rates between 80 and 130 years and the increase can be
extrapolated backwards to about 10.3 ka (Bond event 7, Bond et al.,
1997).
C. avellana and Alnus are not the only two species for which
a parallel increase in population between distant sites has been
reconstructed. Also, for example, the Quercus curves show a parallel
increase in many pollen diagrams, but with a lower rate, which is
not giving rise to large changes in the pollen composition of adja-
cent samples. Apart from 10.6 ka and 9.5 ka all other peaks in zone
boundaries are mainly caused by shifts in frequencies of pollen
types that were present long before and after the change. These do
not necessarily involve a long time lag as underlying changes in
plant abundance are often smaller than a factor of two and can
therefore take place within decades. However, where the change in
pollen composition was brought about by the expansion of a pop-
ulationwith a slow intrinsic growth rate (e.g. Fagus, Bradshaw et al.,
2010) the trigger for the shift in vegetation composition may be
found several hundred or a thousand years earlier.
4.3. Implications and open questions
This study highlights that shifts in Holocene vegetation compo-
sition have often occurred at the same time, which corroborates the
earlier notion by Tinner and Lotter (2006) that climate events like
that at 8.2 ka triggered the expansion of F. sylvatica in different
European regions. A climate trigger coincides with changes in
vegetation composition around 8.2 ka, while the causes for some of
the other periods of change identiﬁed here are less certain and
warrant further investigation. The synchronous population peaks of
Populus in North America bracketing the Younger Dryas cold phase
were reactions to the effects that the changing climate had on its
competitors (Peros et al., 2008). In contrast, the synchronous
expansions of C. avellana and A. glutinosa, highlighted in this study,
are direct responses to climate change. This is especially interesting
in the case of C. avellana. Here we either have to assume extremely
fast rates of immigration, in the order of 2000 m yr1, or a spread
during the Late Glacial with survival during the Younger Dryas coldevent. The latter would be in line with Rudolph’s (1930) ideas and
may be important for some other tree species as well. The
synchronous expansion of C. avallana populations also suggests that
a climatic threshold for the species was reached at the same time
from Scotland to the Alps and at more continental sites in the East. A
climatically controlled population expansion is exempliﬁed by the
parallel shape of the curves from north-western Italy (Finsinger and
Tinner, 2006) and Shetland (Bennett et al., 1992).
The example of A. glutinosa shows that the same species can
show a different behaviour with respect to its regional expansion.
The synchronous expansion in formally glaciated areas around the
Baltic Sea shows that dispersal cannot have been limiting here and
its spatially erratic expansion in the west is likely to reﬂect site
speciﬁc developments (Bennett and Birks, 1990).
This study has made use of statistical zonation techniques to
identify the timing of signiﬁcant vegetation change in different
European regions. This composite record can be compared to the
rate of change analysis of 18 North-East American pollen diagrams
by Grimm and Jacobson (1992). Despite the differentmethods used,
the general trends of both analyses are similar, as both highlight the
beginning of the Holocene as a period of pronounced and frequent
change in vegetation composition. Vescovi et al. (2007) showed
that statistical zonation is a useful tool evaluating climatically
induced parallel vegetation changes in several diagrams from the
same region. Already the comparison of two pollen diagrams may
be assisted by statistical zonation of pollen diagrams (e.g. Giesecke,
2005b). These statistically deﬁned zone boundaries often differ
from visually deﬁned zones and thus the results of this analysis
differ from Gajewski et al. (2006), who analysed the temporal
distribution of pollen zone boundaries summarized by Berglund
et al. (1996). The latter analysis had the additional problem that
not all diagrams included in the book edited by Berglund et al.
(1996) were well dated by independent means and ages for zone
boundaries were often derived by correlation to distant diagrams
with some independent dating, assuming that changes in vegeta-
tion pattern were synchronous.
5. Conclusion
This analysis shows that tree-dominated vegetation in Europe
has often changed synchronously over the last 11 500 years. The
only driver that can synchronize vegetation change on a sub-
continental scale is climate, both as abrupt step-like change, but
also as climate excursions that work like large-scale disturbance
events. The parallel population expansions of C. avellana and
A. glutinosa represent a special case of synchronous developments.
In both cases populations built up from palynologically undetect-
able occurrences of these large pollen producers. This implies that
the species werewidespread at low abundances prior to population
expansions and a climate trigger initiated the growth of these
populations over awide area. The case of A. glutinosa is of particular
interest as the species shows a synchronous expansion only around
the Baltic Sea but a site speciﬁc, erratic behaviour in Western
Europe. For both species the palynologically visible time of
expansion does not hold any information to the time of their spread
or even rates of spread. What is true for these two species may also
play a role for many other trees that spread early without leaving
evidence of their presence and only expanded when the climate
became suitable (Rudolph, 1930; Godwin, 1975).
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